H 2 O 2 direct synthesis over a palladium catalyst based on sulfated ceria (Pd-CeS) has been studied in a trickle-bed reactor at -10°C. The combined effect of liquid and gas flow rates was studied by independent variations. The maximum productivity and selectivity was always found at flow rate combinations intermediate within the investigated range. The reactor operated under pressure and its effect was investigated (10 and 20 bar), resulting in a significant gain in selectivity. Selectivity up to 80% has been measured at the highest pressure tested (20 bars), liquid flow rate of 2 mL/min, and 6 mL/min gas flow rate. The maximum production rate measured was 0.0035 mmol/min with 0.5 mL/min liquid flow rate and 2.7 mL/min gas flow rate. Relevance of direct water formation has been isolated by independently investigating H 2 O 2 decomposition and hydrogenation. Results indicate directions of further performance improvements and the importance of reactor type and operation.
Introduction
Hydrogen peroxide is considered an attractive, environmentally compatible oxidant with several nonselective applications such as the paper and textile industries and wastewater treatment. The direct synthesis from its elements is in principle the best method for producing H 2 O 2 , but still insufficiently developed. Direct synthesis could result in a simpler process and plants. It would not require extraction or concentration of H 2 O 2 and the purification steps would be simplified; the capital investment and operating costs are expected to be lower than those for the anthraquinone autoxidation (AO) process. Direct synthesis could be relevant for the chemical industry also, in view of an integration with other processes such as the HPPO process. Onsite H 2 O 2 synthesis would reduce or eliminate the costs and hazards of transport and handling of concentrated solutions. Both academia and industry have investigated direct synthesis, and important patents are available 1-10 and continuously appear. Productivity, selectivity, and safety issues still need improvement for industrial applicability. Although the catalytic direct synthesis has been known since 1914, 11 safety issues supported the AO process almost exclusively. 12 The direct path attracted renewed interest after 1980 following environmental concerns. Since then, the process has been extensively investigated, leading to a large number of publications in the past few years. Several patents have been issued since the 1990s, 1-10 but no stable industrial application is known, although one has been announced. 13 Though simple in principle, direct formation is connected to thermodynamically favored side reactions (Scheme 1). Each one may be affected by the catalyst, the additives in the reaction medium, and the operative conditions, resulting in different yields and selectivities. H 2 O 2 hydrogenation and decomposition are unwanted reactions, but unfortunately favored by most of the catalysts active for synthesis. The present work is based on successful findings by Menegazzo and co-workers, 14 who synthesized a number of promising catalysts, based on Pd, 14, 15 Pd-Au 14, 16, 17 and Pd-Pt. 17 Here we investigate the opportunities of engineering the reaction, raising the scale of investigation and implementing continuous operation. We used a trickle bed reactor (TBR), an arrangement that can be industrially scalable. Advantages include minimization of gas hold-up (explosion hazard) while still allowing for a large production potential, thanks to continuous operation. In addition, gas and liquid residence time can be independently manipulated to affect the extent of reaction and the gas-liquid mass transfer effectiveness (a compensation for small reagents solubility, even lower if operating in the nonexplosive region). Further, we will show that significant enhancements of selectivity can be obtained in a TBR with respect to batch operation with the same catalyst, at comparable conditions.
Experimental Section
Materials. (NH 4 ) 2 Ce(NO 3 ) 6 (Sigma-Aldrich) and (NH 4 ) 2 SO 4 (Merck) were used for catalyst synthesis as received. Methanol for HPLC was used as reaction medium (J.T. Baker, 99.99%) and H 2 O 2 30% w/w (Merck) was used for decomposition tests, while analyses used potassium iodide (Sigma-Aldrich), Hydranal-Composite 2 (Fluka), dry methanol for KFT (Fluka), acetic acid (Sigma-Aldrich), sodium thiosulfate penta-hydrate (99.5%, Sigma-Aldrich), starch (Sigma-Aldrich), and potassium dichromate (Riedel de Haën). Catalyst has been prepared as already reported 14 and pre-reduced in situ before use. Preliminary tests of H 2 O 2 decomposition were carried out to ascertain that the support alone does not decompose H 2 O 2 . We used pure calcined sulfated ceria at 20°C, 1 bar for 5 h.
14 Reactor Setup for the Experiments. A cocurrent, downflow TBR was developed. In addition to the motivations already mentioned, the TBR allows short liquid residence time if required for selectivity. It is a steady-state reactor, so that chemical analysis has no limitation on the sampled quantity and does not affect the reactor operation.
The experimental reactor setup is shown schematically in . A rupture disk is located before the BPC for safety reasons. A bypass is used to achieve the desired pressure inside the reactor more rapidly. The liquid phase is fed in through a syringe pump (Teledyne ISCO model 500D), connected to a pressure transducer and computer controlled. The syringe temperature can be controlled. Gas and liquids mix at a T-connection before the reactor. A regulation valve is used to sample the instantaneous liquid phase, while a 1.5 L tank provides gas-liquid separation, accumulating all the liquid product. All the piping is made of stainless steel AISI 316, 1 / 8 in. size. The catalyst bed (0.5 cm long) is placed between two quartz wool plugs. Above the upstream quartz wool plug, quartz sand is used to improve mixing. Temperature inside the reactor is measured with a K-thermocouple before the catalyst bed. The apparatus is in a fume hood, with a H 2 sensor that can automatically switch off H 2 flow to the reactor. H 2 O 2 Experiments and Analyses. H 2 O 2 decomposition and hydrogenation were investigated first, at 10 bar and -10°C, with 0.5% H 2 O 2 in methanol as the liquid phase, varying its flow rate (0.5, 1, and 2 mL/min). The gas mixture was either N 2 /CO 2 (20/80% mol) for pure decomposition, or H 2 /N 2 /CO 2 (2/18/80% mol) for hydrogenation experiments (N 2 replaces O 2 ), varying its flow rates (0.1, 1, 2, 2.7, 4, 6, 9, and 12 mL/min). The experiments of direct synthesis are carried out at 10 or 20 bar and -10°C, in methanol, with the same flow rates used above. Gas composition was H 2 /O 2 /CO 2 (2/18/80% mol). The total gas flow rates vary (1, 2, 2.7, 4, 6, 9 mL/min at both pressures; also 12 mL/min at 10 bar). The volumetric total flow rates correspond to specific mass flow rates ranging between 0.063 and 0.254 kg/m 2 s for the liquid and between 0.0021 and 0.0433 kg/m 2 s for the gas. According to typical flow maps, 29, 30 all the experiments have been carried out well in the trickling regime. We chose to operate the reactor at -10°C because (1) the decomposition and hydrogenation of H 2 O 2 are slower, while synthesis is less affected by temperature, (2) solubility of CO 2 in methanol rises, thus increasing hydrogen solubility in the mixture, 34 (3) it is a low temperature industrially feasible without significant increase of costs, and (4) catalyst and mixture stability increase.
New catalyst is introduced in the reactor without pretreatment. In situ reduction with H 2 (20 mL/min) at room T and P for 1 h follows. The reduction state (Pd 0 ) is expected to remain after the liquid feed is started and pressurization with a mixture CO 2 The catalyst stability has been assessed by carrying out cycles of 16 h operation (gas flow rate ) 2.7 mL/min and liquid flow rate ) 1 mL/min), and 8 h (overnight) decompression and conditioning with N 2 , for a total of 5 times. During each 16-h operation cycle, liquid samples at times 4, 10, 16 h were collected and production rate and selectivity were measured. Qualitatively, both degradation paths (with/without H 2 ) are affected similarly by either gas or liquid flow rates. A larger liquid flow rate implies a smaller contact time on the catalyst, then less degradation occurs. The gas flow rate is not expected to directly affect the reaction extent, which takes place at the liquid-solid interface. Indirectly, a larger gas flow rate has two effects: (i) it can increase the mass transfer rate between gas and liquid (i.e., higher conversion), and (ii) it reduces the volumetric fraction of liquid, causing larger liquid velocities, then lower liquid/solid contact time (i.e., a smaller conversion). The first effect is negligible, unless the liquid flow rate is large, requiring a comparatively large transfer rate from the gas. Soon after the minimum gas flow rate, the second effect prevails all the time. We conclude that larger gas flow rates almost always cause a lower conversion. H 2 always increases the H 2 O 2 degradation. Overall, both paths can decompose up to 20% of the H 2 O 2 available, at the low 0.5% mol concentration, with a minimum >1% at the highest flow rates. These values provide an upper bound for the synthesis, given that H 2 O 2 is gradually produced along the bed. Hydrogenation accounts for approximately 1 / 3 of the total degradation, suggesting that synthesis can be viable, if its rate can be sufficiently higher than the significant degradation processes.
Results and Discussion
The combination of 2 mL/min of liquid and 0.1 mL/min of gas, i.e., the maximum liquid and minimum gas flow rates, suffers mass transfer limitations that likely prevent the achievement of H 2 and O 2 dissolution equilibrium, also indicated by a sensible decrease of pressure drop across the bed; accordingly, it was not used in subsequent tests.
Interestingly, if the amount of water formed during H 2 O 2 synthesis, under the same conditions, is higher than the maximum obtained during the hydrogenation and decomposition experiments, the excess water formed is to be ascribed to the direct water formation reaction (Scheme 1, reaction 2), which competes with H 2 O 2 synthesis. The production rate at 10 bar, -10°C (Figure 4 ) is larger with a small liquid flow rate. Recalling that productivity is defined as the product of liquid flow rate times the outlet H 2 O 2 concentration, its increase with smaller liquid flow rate implies that the kinetics grows more than linearly with residence time. Further, productivity varies with gas flow rate, always going through a maximum, i.e., an optimum gas flow rate can be identified for every liquid flow rate examined. An optimum can be identified with respect to liquid flow rate also. The maximum production rate is measured with a small flow rate (0.5 mL/ min), but not the lowest tested (0.3 mL/min), implying a nonlinear effect.
As discussed through the mechanism of Scheme 1, selectivity due to the competing reactions is a major issue for direct synthesis. Selectivity in the previous experiments is shown in Figure 5 . Again, the effect of both flow rates is dramatic, with optimum selectivity at intermediate values. At small gas flow rates the selectivity is always quite poor. The maximum selectivity was achieved with liquid flow rates of 1 and 0.75 mL/min, but at correspondingly different gas flow rates. Note that conditions for good production rate do not always match those required for a high selectivity.
As previously discussed concerning hydrogenation and decomposition experiments, we speculate that selectivity lower than 80% indicates excess water formation directly from H 2 and O 2 . Selectivity in these experiments is always below 80%, but at the small liquid and gas flow rates the contribution is quite significant. We conclude that the mechanism for H 2 O 2 direct synthesis must account for the parallel water formation and the decomposition of H 2 O 2 to water, usually neglected. [14] [15] [16] [17] The nonlinear effect of liquid flow rate is evident from Figure  6 , where experimental results at a fixed gas flow rate (2.7 mL/ min) are shown. A maximum in both selectivity and productivity is observed, but at different conditions. The liquid flow rate affects contact times with the catalyst and likely its wetting. Interestingly, a TBR allows independent setting of liquid and gas flow rates (within a range that keeps the same hydrodynamic regime) to maximize either productivity or selectivity. Results indicate that we successfully took advantage of the short contact time that can be achieved (order of a few seconds) and the possibility of finely tuning it to select an optimal path through the mechanism. This is obtained mostly by preventing side reactions from occurring through a limitation of the contact between the catalyst and the reacting mixture. Figure 6 clearly shows that a short enough contact time is required to achieve a good selectivity, but excessively short will compromise the production rate. On the other side, a longer contact time, which maximizes the production rate, results in a detrimental effect on selectivity.
Consideration of the residence time can be reformulated in terms of reaction mechanism progress along the catalyst bed. The above evidence allows speculation that only reactions of H 2 O 2 direct synthesis and water formation occur in the first part of the catalytic bed, due to the low concentration of H 2 O 2 . It is reported 19, 28, 31, 32 that completely oxidized Pd 2+ (likely in the form of PdO) preferentially supports water formation instead of H 2 O 2 synthesis in the absence of promoters (as we operate). Since oxygen is fed largely exceeding H 2 , we speculate that a significant fraction of the irregular palladium clusters could be indeed Pd
2+
, notwithstanding the initial reduction pretreatment, thus favoring water formation. Therefore dissociative adsorption of hydrogen is reduced, and hence the chance to have direct synthesis. 19, 28, [31] [32] [33] Hydrogen is more likely to react with the oxygen present on the Pd 2+ surface than with the inner part of the Pd cluster, with the condition mentioned above 16, 17, 19, 20, 33, 35 (i.e., an acidic solution or the presence of halides). When contact time between liquid and solid phases is longer, all the reactions occur, adding further H 2 O 2 degradation paths. For intermediate gas and liquid flow rates, production rate is higher and selectivity achieves very interesting values. Gas solubilization in the liquid phase plays a key role; it can be modified by using solvent that selectively increases H 2 solubility, 34 but also the pressure and the ratio between gas and liquid flow rates can affect the concentration of H 2 and O 2 in the liquid phase.
These observations allow concluding that operative condition in the TBR may help in controlling the reaction network, in addition to suitable catalysts, linking the catalyst and the reactor design and operation. It has been proved that operative conditions play a major role in driving the reactions toward high selectivity for hydrogen peroxide. The results suggest that reactor design and operation may be crucial to improve productivity and selectivity in H 2 O 2 synthesis, together with developing better catalysts.
H 2 O 2 Synthesis: Effect of Pressure. The pressure changes the gas solubility; it can also affect the hydrodynamics. It has been studied observing the H 2 O 2 production rate and selectivity, replicating some of the previous experiments (at 10 bar) at 20 bar, always at -10°C. Results at 20 bar are reported in Figures  7 and 8 , for productivity and selectivity, respectively. They must be compared with Figures 4 and 5 for results at 10 bar. Note that the higher pressure requires a larger mass flow rate to achieve the same volumetric gas flow rate, because of a higher density. Production rate (Figure 7 ) behaves similarly to the case of 10 bar (Figures 4), with a clear maximum with respect to the gas flow rates. The lowest liquid flow rate used (0.5 mL/ min) results in the maximum productivity, slightly smaller than that obtained at 10 bar, unexpectedly, given the larger concentration of reagents determined by a higher pressure. We can also observe that the higher pressure shifts the maximum of productivity to lower gas flow rates, but the shift decreases with higher liquid flow rates. This may simply reflect that data are better comparable in terms of equal gas mass flow rates. At the same time, the role of pressure with small gas flow rates is to support an increase of production rate. This is quite clear except for the case of 0.5 mL/min liquid flow rate and the smaller gas flow rate, where an inversion has been measured. The inverse is observed at large gas flow rate, where an increase of pressure apparently leads to a smaller production rate. In other words, we can say that the gain in production rate of hydrogen peroxide achieved with smaller liquid flow rates is reduced by a larger pressure.
Results for selectivity at 20 bar are shown in Figure 8 and compare with Figure 5 (10 bars). Interestingly, we always measured a significant increase in selectivity with pressure (particularly for the minimum and maximum liquid flow rates) and a shift of the best operating conditions. The maximum selectivity increases with liquid flow rate, approaching 80% of 2 mL/min, with a net gain of approximately 50% with respect to 10 bar. As before, the highest selectivity is achieved at conditions where the productivity is quite low. The maximum of selectivity is reached with a lower gas flow rate at 20 bar, compared to 10 bar, approaching mass flow rates comparable to those of the 10 bar case.
Catalyst Stability. The stability of the catalyst has been evaluated as described above. Results are shown in Figure 9 , where each point is the average of samplings at 4, 10, and 16 h within the same day. The amount of H 2 O 2 produced remains quite constant within the same day and among different days, with a low variance (<2%), until a sudden drop after the fifth cycle. The explanation was clear once the reactor was opened and the catalytic bed was sectioned. Catalyst particles were thoroughly broken into a powder. This is likely caused by the repeated compression-decompression cycles, which stress the catalyst structure leading to collapse. Also liquid expansion by CO 2 might play a role. However, the catalyst was still active, as observed by the amount of water formed, but the sudden increase of specific surface determined an excessively large contact time. While suggesting that the physical properties of the catalyst particles and metal dispersion deserve investigation, its resistance to pressure cycle is not a limitation in view of a continuous operation.
Conclusions
Measurements of H 2 O 2 direct synthesis in a TBR, with Pd-CeS catalyst at 10 and 20 bar at -10°C, have been reported and discussed. Independent variations of gas and liquid flow rates evidence large, nonlinear effects on both H 2 O 2 productivity and selectivity, always highlighting an optimum at conditions intermediate within the range investigated. In addition, the role of pressure (from 10 to 20 bar) indicates that a dramatic increase of selectivity, up to values of 80%, can be achieved by raising the pressure. Production rate remains rather poor, mainly because of the competition of direct water synthesis clearly spotted by comparing synthesis with decomposition and hydrogenation experiments, and the short contact time.
Perhaps the most significant conclusion that can be drawn is that the reactor type and operation can dramatically modify (both positively or negatively) the performances of the catalyst. While much of the efforts on improving H 2 O 2 direct synthesis remain on the catalyst, results reported here suggest that good catalysts can be better exploited in suitable, industrially viable reactors. It is representative in this respect the comparison with semibatch experiments with the same catalyst, 14 where selectivity was always below 50% vs the approximately 80% measured in the TBR at 20 bar with suitable gas and liquid flow rates. 
